The epithermal neutron shape factor (α) was determined in the permanent cadmium lined irradiation channel installed in the large outer irradiation site of the Nigeria Research Reactor-1 (NIRR-1) by the cadmium covered multimonitor method using the monitors Al-0.1% Au, Zr and Zn thin foils and Mo thin wire and was found to be −0.137 ± 0.018. The high negative value of α indicates a hardened epithermal neutron spectrum in the cadmium lined irradiation channel. The α value obtained was used in the single comparator method of ENAA (ko-ENAA) for the determination of the concentrations of elements in the standard reference material NIST 1515 Apple leaves using Al-0.1% Au thin foil as the single comparator. The concentrations of the elements Sm and Br were determined in the NIST 1515 Apple leaves because of their high Qo values and are in good agreement with the certified values.
Introduction
The 30 kW Nigeria Research Reactor-1 (NIRR-1) is located at the Centre for Energy Research and Training, Ahmadu Bello University, Zaria, Nigeria. It is an undermoderated tank-in-pool commercial Miniature Neutron Source Reactor (MNSR) that is used for neutron activation analysis (NAA). The reactor core has highly enriched uranium (90.2%) as fuel, light water as coolant and moderator and metallic beryllium as reflector. The NIRR-1 has 10 irradiation sites (5 small inner, 3 small outer and 2 large outer). However, only six irradiation sites are connected to the pneumatic transfer systems types A and B control desks: 4 small inner (B1, B2, B3 and A1), 1 small outer (B4) and 1 large outer (A3). The rabbit system type A is used for pneumatic transfer of samples into and out of the small inner irradiation sites A1 and the large outer irradiation site A3 with a permanent cadmium (Cd) lining of thickness 1.00 mm, length 250.00 mm and cut-off energy of 0.55 eV. The rabbit system type B is used for the pneumatic transfer of samples into and out of the irradiation sites B1, B2, B3 and B4. At full operating power, the maximum thermal neutron fluxes in the inner and outer irradiation sites (excluding the Cd lined irradiation channel A3) are approximately 1 × 10 12 n•cm −2
•s −1 and 5 × 10 11 n•cm −2
•s −1 respectively. The schematic diagram of the top view of the reactor complex of the NIRR-1 is shown in Figure 1 [1].
The cadmium (Cd)-lined irradiation channel A3 was recently installed to include the capabilities of the NIRR-1 facilities for epithermal neutron activation analysis (ENAA) protocols. Consequently, there is a need to characterize the Cd-lined irradiation channel. In this work, the epithermal neutron shape factor (α) was determined in the Cd-lined irradiation channel for implementation of the single comparator method of epithermal neutron activation analysis (k o -ENAA). The cadmium covered multimonitor method was used for the determination of α in the irradiation channel.
In the cadmium covered multimonitor method, a set of N suitable α monitors are coirradiated under cadmium cover and the induced activities measured on an efficiency calibrated high purity germanium (HPGe) detector system. For elements having a cross section 
is the specific activity of the ith monitor the Cd index denotes Cd cover irradiation, The left hand term of Equation (1) is itself a function of α, and thus an iterative procedure can be applied with square regression analysis to fit the experimental data to the straight lines for every iterative step [2] .
Mathematically, the final α result of this iteration procedure is identical with solving for the value of α from the equation 
Materials and Methods
The cadmium covered multimonitor method was use for the determination of α in the cadmium lined irradiation channel of the NIRR-1. One set of four monitors comprising of high purity Al-0.1%Au , Zr and Zn thin foils and Mo thin wire were weighed, arranged in a small polyethylene thin film bag and then put inside a 25 cm 3 polyethylene vial. They were covered with cotton wool and the top of the polyethylene vial properly sealed with a celotape. The characteristics of the detector thin foils and wire used are shown in Table 1 .
The set of monitors Al-0.1%Au, Zr and Zn thin foils and the Mo thin wire in the 25 cm 3 polyethylene vial were irradiated simultaneously in the Cd lined irradiation channel of the NIRR-1 at a preset thermal neutron flux of 5 × 10 11 n•cm −2
•s −1 for 3 hours. The induced activities on the irradiated set of monitors were measured using the full energy peak efficiency calibrated P-type GEM 30195 HPGe coaxial detector system at the distance of 2 cm from the detector. The energy resolution of the detector system is 1.95 keV for the 1332 keV peak of 60 Co and the relative detector efficiency is 30%. The full energy peak efficiency of the P-type GEM 30195 HPGe coaxial detector was measured at the distances 2 cm and 15 cm from the detector over the energy range 59.54 −1408 keV using the set of IAEA standard sources 241 Am, 152 Eu 226 Ra, 137 Cs, 60 Co and 22 Na. A detailed description of the measured full energy peak efficiency curves and the theoretical fitting function to the experimental efficiency curves is given elsewhere [3] .
The product nuclides 69m
Zn, 198 Au, 97 Zr and 99 Mo were counted for 3600 seconds within one day after irradiation of the α monitors. The product nuclides 65 Zn and 95 Zr were counted for 72000 seconds after 14.91 -14.99 days. The photopeak areas of the gamma-ray energies for the product nuclides of the irradiated α monitors were obtained from the gamma-ray acquisition system of the P-type GEM 30195 HPGe coaxial detector system that consists of the Maestro Multicannel Annalyser (MCA) emulation software card coupled to the detector via electronic nuclear Instrumentation modules manufactured by Ortec. Table 2 shows the nuclear data for the product nuclides of the four monitors irradiated for α determination in the Cd lined irradiation channel of the NIRR-1. The efficiencies ε of the gamma-ray energies for the product nuclides of the four monitors were calculated by the authors using mathematical fitting functions described elsewhere [3] . The specific activities A sp (Cd) for each of the product nuclides of the four monitors were also calculated by the authors. The nuclear data Ē r , Q o , F Cd and k o,Au -factors were obtained from the literature [4] - [8] .
Results and Discussions
The α value was determined by solving Equation (1) by the iterative linear regression method based on MS Excel spreadsheet. Starting with step 1 by setting α = 0 resulted in the value of α 1 = −0.123 ± 0.020. The finalvalue of α was obtained after four iterative procedures. The third and fourth iterations both led to α 3 and α 4 equal to −0.137 ± 0.018. Thus, the final value of α by the iterative procedure was −0.137 ± 0.018.
Furthermore, the epithermal neutron flux value in the Cd lined irradiation channel at the preset power of the NIRR-1 was determined using the peak area of the 411.8 keV gamma-ray line from
198 Au. Table 3 shows the values of the epithermal neutron shape factor (α) and the epithermal neutron flux determined in the Cadmium lined irradiation channel of the NIRR-1. From Table 3 , the value of α is negative. The negative value of α indicates a hardened (poorly thermalized) epithermal neutron spectrum in the Cd lined irradiation channel of the NIRR-1.
Also from Table 3 , the value of epithermal neutron flux calculated using the activity of 198 Au in Al-0.1% Au thin foil in the monitor set irradiated for α determination in the cadmium lined irradiation channel of the NIRR-1 was found to be (4.51 ± 0.09) × 10 9 n·cm
. This value is comparable to a theoretical value of 5.05 × 10 9 n·cm −2 ·s −1 in the outer irradiation site A2 of the NIRR-1 based on the assumption that the thermal neutron flux values in the outer irradiation sites are 50% of the values in the inner irradiation sites [9] . The thermal to epithermal neutron flux ratio in the outer irradiation site A2 of the NIRR-1 has been found to be approximately 49.5 ± 0.96 [9] as shown in Table 4 . It should be noted that the channel A2 is now the channel A3 that has been lined with the 1.00 mm thick Cd-liner. Table 4 shows a comparison of the α values in the Cd lined irradiation channel with results of other irradiation sites of the NIRR-1 and other miniature neutron source reactors [9] - [12] . From Table 4 , it can be observed that due to the installation of the Cd liner in one of the outer irradiation channels, the α value is different from the old data in similar outer irradiation sites of the NIRR-1. The high negative value of α in the cadmium lined 
F. T. Sheyin et al.

237
irradiation channel indicates a hardened (poorly thermalized) epithermal neutron spectrum in the cadmium lined irradiation channel (A3) of the NIRR-1. This is to be expected because the thermal neutron component of the reactor neutron spectrum has been highly cut-off by the 1.00 mm thick cadmium of the cadmium lined irradiation channel causing the neutron spectrum to be shifted to higher energies in the epithermal region. In order to test the α value obtained, the concentrations of Sm and Br in the NIST 1515 Apple leaves were determined by the single comparator method of epithermal neutron activation analysis (k o -ENAA) in the cadmium lined irradiation channel of the NIRR-1. The standard reference materials NIST 1515 Apple leaves was irradiated together with the Al-0.1%Au thin foil as the single comparator in the Cd lined irradiation channel at a preset thermal neutron flux of 5 × 10 11 n·cm −2 ·s −1 for 6 hours. The induced activities on the elements of interest in the samples of NIST 1515 Apple leaves were measured under the same counting conditions at the distance of 2 cm from the efficiency calibrated P-type GEM 30195 HPGe coaxial detector system after appropriate decay and counting periods.
The concentrations of the elements determined in the NIST 1515 Apple leaves were calculated by the k o -ENAA method with the MS Excel spreadsheet using the equation [13] 
where the ,Au o k factor is a compound nuclear constant of the nuclide in the sample of material with respect to Au [14] Au M = atomic mass of gold, Table 5 .
From Table 5 , the elements Sm and Br with high Q o values were determined in the NIST 1515 Apple leaves by the k o -ENAA method. The elements Sm and Br strongly absorb neutrons of specific resonance energies in the epithermal neutron region. These elements have high resonance activation integrals compared to their thermal neutron cross sections in the epithermal neutron region. The concentrations of Sm and Br in the NIST 1515 Apple leaves are in good agreement with the certified values. The k o -ENAA method in the cadmium lined irradiation can be regarded as a reliable method of neutron activation analysis (NAA) in the NIRR-1. It can be used for the determination of bromine in bread to control the illegal use of potassium bromate (KBrO 3 ) in bread making in Nigeria.
Conclusions
The value of the epithermal neutron shape factor (α) and epithermal neutron flux (φ e ) in the permanent cadmium lined irradiation channel installed in the large outer irradiation site of the NIRR-1 have been determine for the purpose of adopting the k o -ENAA method in the NIRR-1 NAA laboratory. The value of α was determined by the cadmium covered multimonitor method using the monitors Al-0.1% Au, Zr and Zn thin foils and Mo thin . The high negative value of α indicates a hardened epithermal neutron spectrum in the cadmium lined irradiation channel.
The α value obtained was used in the single comparator method of ENAA (k o -ENAA) for the determination of the concentrations of elements in the SRM NIST 1515 Apple leaves using Al-0.1% Au thin foil as the single comparator. The concentrations of the elements Sm and Br with high Q o values determined in the NIST 1515 Apple leaves are in good agreement with the certified values. This is an important evidence of the reliability of the result of the α value obtained.
